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*  Polycrystalline  large  grain  ingots  of  indium  phosphide  have  been  synthe¬ 
sised  using  the  direct  reaction  technique.  Indium  phosphide  Mis  been  grown 
under  various  phosphorus  pressures  (3  to  30  atm).  Several  temperature 
profiles  were  used  to  study  the  effect  of  temperature  on  mobility,  carrier  con¬ 
centrations,  grain  else,  homogeneity,  and  stoichiometry.  Quarts  and 
pyrolytic  boron  nitride  boats  are  used.  Several  experiments  were  performed 
placing  the  PBN  and  quartz  boats  inside  boron  nitride  and  aluminum  oxide 
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Low  Pressure  Synthesis  of  Indium  Phosphide 


1.  INTRODUCTION 

Air  Force  interest  in  indium  phosphide  (InP)  stems  from  a  requirement  for  a 
lattice -matched  electro-optic  substrate  material  for  1. 1  to  1. 6  Mm  fiber  optic 
sources  and  detectors.  Indium  phosphide  is  also  considered  a  promising  substrate 
material  for  optical  signal  processing  devices  such  as  mode-locked  lasers,  inte¬ 
grated  lasers/modulators  and  optoelectronic  switches.  Single  crystals  grown  for 
these  substrates  hy  the  liquid  encapsulated  Csochralski  (LEC)  technique  require 
polycrystalline  starting  material  of  the  highest  purity.  Reduction  of  residual  donor 
impurities  in  the  polycrystalline  material  is  essential  for  the  growth  of  semi- 
insulating  crystals  or  p-type  materials  with  low  carrier  concentrations. 

Polycrystalline  large  grain  ingots  of  InP  have  been  synthesised  using  the  direct 
reaction  technique  under  various  temperatures,  pressures,  and  boat -tube  materials 
to  determine  which  combination  provided  material  with  the  highest  purity  and  lowest 
silicon  contamination.  Several  temperature  profiles  were  investigated  in  order  to 
determine  the  effect  on  mobility,  carrier  concentration,  grain  sise,  homogeneity, 
and  stoichiometery.  Experiments  were  conducted  using  quarts  and  pyrolytic  boron 
nitride  boats  Interchangeably  within  boron  nitride  and  aluminum  oxide  tubes  to  re¬ 
duce  silicon  contamination.  Data  are  presented  showing  the  results  of  different 
temperature  profiles,  phosphorus  pressures,  and  boat-tube  materials.  As  a  result 
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of  these  investigations,  it  has  been  shown  that  the  highest  purity  indium  phosphide 
o 

M77K  *  48, 335  cm  /  V  sec)  was  obtained  using  quartz  boats  in  a  quartz  ampoule 
at  a  phosphorus  temperature  of  485*C  and  an  indium  temperature  of  1003 *C. 


2.  BACKGROUND 

Indium  phosphide  is  a  compound  composed  of  elements  from  the  third  and  fifth 
columns  of  the  periodic  table.  It  is  a  direct  band-gap  material  with  an  energy  gap 
of  1. 35  eV,  and  it  has  a  subsidiary  in  the  conduction  band  accessible  to  electrons 
at  moderate  electric  fields.  This  would  indicate  that  InP  has  great  potential  for  use 
in  transferred  electron  devices.  Other  applications  are  as  a  semiconductor  for 
field  effect  transistors  and  as  a  substrate  for  lattice  matched  electro -optical  de¬ 
vices  for  use  with  fiber  optics.  The  two  major  techniques  used  to  synthesise  InP 
are:  (1)  solution  growth  in  a  horizontal  Bridgman  or  Gradient  Freese  System;  and 
(2)  direct  reaction  of  the  elements.  The  synthesis  effort  at  RADC  is  directed  to 
obtaining  the  highest  purity  polycrystalline  material  possible  by  the  direct  reaction 
method. 


3.  EXPERIMENTAL  TECHNIQUE 

A  typical  loaded  quartz  ampoule  used  in  the  direct  reaction  synthesis  of  InP  is 
shown  in  Figure  1.  The  diameter  is  41  mm  with  length  of  68. 5  cm.  The  red 
phosphorus  is  placed  in  the  extreme  right  end  of  the  ampoule.  Care  must  be  taken 
when  loading  the  phosphorus  to  prevent  any  grains  from  adhering  to  the  walls  of  the 
ampoule.  The  indium  is  placed  in  a  boat  of  selected  material  and  size  in  the  left 
end  of  the  ampoule.  The  furnace  temperature  profile  determines  the  length  of  the 
ampoule,  indium  boat  position,  and  melt  zone. 


Figure  1.  Synthesis  of  Indium  Phosphide  Ampoule  Placements, 
(a)  Indium;  (b)  phosphorus;  (c)  quartz  ampoule  (ampoule  place¬ 
ment  dependent  on  temperature  profile);  and  (d)  244 -cm  quartz 
support  tube 
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Figure  3.  Isothermal  Furnace  Liner.  The  liner  provides  a  uniform 
zone  using  a  single  heater.  Temperature  adjustment  is  a  one -step 
process.  Frequent  profile  measurements  are  not  necessary.  A 
flat  profile  is  inherent  to  the  liner.  Temperature  uniformity  is 
within  1/2  #C  over  liner  length.  Usable  reaction  zone  length 
becomes  equal  to  or  larger  than  the  heater  length.  The  liner 
provides  absolute  temperature  uniformity  over  entire  length  and 
circumference  of  the  tube  furnace  wall.  U.S.  Patent  3. 677, 329 


Table  1.  Isothermal  Furnace  Liners** 


Model  Number 
Designation 

Operating  Temperature  *C 

Furnace 

Liner 

Charge 

Maximum 

Minimum 

3  -  XX  -  XX 

350 

200 

Mercury 

10-20  -  18* 

1000 

400 

Potassium 

11  -  20  -  24fi 

1100 

500 

Sodium 

* 

At  970*C  -  min.  2  yr  operation/at  1000°C  -  min.  1000  hr 


flAt  1040*C  -  min.  2  yr  operation/at  1100°C  -  min.  1000  hr 

** 

Inconel  alloy  600 
(nickel  -chromium  -iron) 

Oxidation  resistance  at  high  temperature  above  1000°C 


The  whole  furnace  system  is  mounted  inside  a  hood  on  a  motor  driven  table. 
The  furnaces  are  moved  at  a  specified  rate  in  relation  to  the  ampoule  which  is  held 
stationary.  An  end  view  sketch  of  the  furnace  system  (Figure  4)  shows  the  physical 
relationship  of  the  boat,  ampoule,  thermocouple  tubes,  support  tube,  heat  pipe, 
furnace  winding,  and  furnace  insulation.  The  thermocouple  tubes  are  placed  such 
that  a  temperature  profile  can  be  taken  anytime  during  the  synthesis  process;  they 
can  also  be  positioned  to  monitor  the  indium  and/or  phosphorus  temperatures.  The 
thermocouple  tubes  also  support  the  ampoule  and  keep  it  from  rotating  during  the 
run.  When  large  boats  are  used  with  increased  indium  charges,  the  quartz  support 
and  thermocouple  tubes  are  removed  and  the  ampoule  held  firmly  in  place  by  a 
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stainless  steel  tube  attached  to  an  eye  on  the  end  of  the  ampoule.  A  thermocouple 
is  inserted  through  the  tube  for  the  purpose  of  monitoring  the  red  phosphorus 
temperature.  Another  thermocouple  is  placed  against  the  opposite  end  of  the 
ampoule  to  monitor  the  indium  temperature.  The  indium  and  phosphorus  used  in 
these  experiments  was  6  N's  purity  purchased  from  Metal  Specialties,  Inc. 


QUARTZ  SUPPORT  TUBE 
ISOTHERMAL  LINER 


QUARTZ  T/C  TUBES 


—  QUARTZ  OR  PBN  BOAT 

—  QUARTZ  AMPOULE 


HEATER  CORE 


208  VAC 

Figure  4.  End  View  of  Furnace  and  Components 


EXPERIMENTATION 


All  quartzware  are  soaked  and  washed  in  deionized  water  with  2  percent 
Deconex  for  1  to  2  hours,  rinsed  with  deionized  water  and  air-dried.  The  boat  and 
plug  are  loaded  in  the  ampoule,  placed  in  a  3-zone  furnace,  and  heated  for  1  hour 


at  300°C.  The  ampoule  is  connected  to  the  vacuum  system  and  heated  to  1000°C 


for  3  hours  at  10  Torr.  After  cooling,  the  ampoule  is  disconnected  from  the 
vacuum  and  loaded  at  the  closed  end  with  the  red  phosphorus.  A  long-stemmed 
funnel  is  used  to  prevent  phosphorus  from  sticking  to  the  sides  of  the  ampoule.  The 
boat  loaded  with  indium  is  placed  in  a  specific  position  in  the  ampoule,  as  deter¬ 
mined  by  the  temperature  profile.  The  quartz  plug  is  placed  in  the  ampoule  and 
sealed  under  vacuum;  the  indium  is  used  directly  from  the  sealed  package.  A  pro¬ 
cedure  for  etching  the  indium  has  been  discontinued  because  in  these  experiments 
it  did  not  contribute  to  improved  purity  of  the  indium  phosphide. 


The  over-all  program  to  synthesize  high-purxty  indium  phosphide  is  comprised 

1  2 

of  four  separate  approaches:  ( 1)  synthesis  at  ahigh  pressure  of  27.  5  atmospheres;  * 
(2)  a  low  indium  temperature,  low  pressure  system;  (3)  a  low  pressure  high  indium 
temperature  system;  and  (4)  a  low  pressure  standard  temperature  profile  using 
heat  pipes. 

A  sketch  of  the  temperature  profile,  ampoule  and  furnace  arrangement  for  the 
high  pressure  experiments  is  shown  in  Figure  5.  The  indium  temperature  ranged 
from  1070°  to  1150°Candthe  phosphorus  temperature  was  maintained  at  546 °C. 


[■  to— i  » j 


QUARTZ  BOAT 
CONTAININOhi/laR  MELT 


AMPOULE 


The  solid  line  in  the  temperature  profile  shows  the  initial  furnace  configuration. 

An  additional  winding  was  added  to  the  furnace  to  decrease  the  temperature  drop  at 
each  end,  extending  the  melt  zone  (dotted  line).  Temperature  fluctuations  were 
effectively  reduced  with  an  end  cap  in  the  indium  end  and  use  of  Fiberfrax  in  the 
phosphorus  end.  The  time  period  for  these  experiments  was  2  to  3  days.  Typical 
values  for  mobility  and  carrier  concentration  are  shown  in  Table  2.  The  possibility 
of  explosion  at  these  high  pressures  and  our  inability  to  obtain  the  material  purity 
desired  precluded  further  experimentation  in  favor  of  low  pressure  synthesis 
techniques. 

The  temperature  profile  used  during  the  initial  low  pressure  experiments, 
together  with  a  loaded  ampoule  in  its  approximate  starting  position,  is  shown  in 
Figure  6.  The  circled  numbers  on  the  abscissa  indicate  the  various  controls  for 
the  heater  windings.  The  front  of  the  boat  containing  the  indium  is  placed  at  the 
start  of  the  down  slope.  The  red  phosphorus  zone  must  be  at  least  as  long  as  the 
boat  because  of  the  traveling  profile.  Ampoule  pressure  is  maintained  through 
accurate  control  of  the  phosphorus  temperature. 


©:  ®  ©  ®  ®  ©  ®  ®  © 


Figure  6.  Indium  Phosphide  Furnace  Profile 
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Final  High  Pressure  Run 


w 


V 


TP 


The  indium  and  phosphorus  temperatures  were  varied  from  945*  to  1055*C  and 
412*  to  520*C,  respectively.  The  traveling  rate  of  the  furnace  was  12  mm  per  day. 

The  quartz  boats  were  150  mm  long  and  25  mm  wide.  The  standard  ampoule 
charge  was  150  g  of  6N's  indium  and  45  g  phosphorus.  The  results  of  several  typi¬ 
cal  experiments  indicating  the  carrier  concentration  and  mobility  at  room  and 

liquid  nitrogen  temperature  are  shown  in  Table  3.  The  highest  purity  material 

15  3 

synthesized  using  quartz  boats  had  a  carrier  concentration  of  3. 16  X  10  carriers/cm 

o 

and  a  liquid  nitrogen  mobility  of  38,  912  cm  /V-sec. 

A  number  of  indium  phosphide  synthesis  experiments  were  conducted  using  a 
temperature  profile  (Figure  7)  with  a  very  narrow  high  temperature  zone.  The 
over-all  temperature  of  the  quartz  ampoule  and  boat  were  kept  at  relatively  low 
temperatures  and  a  sharp  temperature  spike  1/2-in.  wide  was  programmed  in 
an  attempt  to  increase  the  purity  of  the  indium  phosphide  by  reducing  silicon  con¬ 
tamination.  The  front  of  the  boat  was  placed  at  the  peak  of  the  high  temperature 
zone  at  the  start  of  the  experiments.  The  indium  zone  of  the  furnace  was  varied 
from  1054*  to  1080*C.  The  phosphorus  zone  ranged  from  430*  to  469*C.  With  this 
temperature  spike  profile,  only  a  small  portion  of  the  quartz  ampoule  and  boat 
would  be  exposed  to  the  high  temperature  at  any  period  of  time.  Furnace  travel 
was  maintained  at  1/2  in.  per  day.  The  highest  purity  material  synthesized  using 
this  temperature  profile  was  obtained  using  an  indium  temperature  of  1060*C  and  a 

phosphorus  temperature  of  434  *C.  This  material  had  a  carrier  concentration  of 

15  3  2 

3. 13  X  10  carriers  per  cm  and  a  liquid  nitrogen  mobility  of  31,631  cm  V-sec. 

However,  since  the  average  carrier  concentration  and  liquid  nitrogen  mobility  for 

15  3 

a  aeriea  of  eight  experiments  shown  in  Table  4  was  6. 38  X  10  carriers  per  cm 
2 

and  only  14, 014  cm  per  V-sec,  respectively,  it  was  decided  to  discontinue  using 
this  method. 
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DEGREES  CELSIUS 


A  new  synthesis  system  was  designed  using  2  Lindberg  furnaces  and  2  heat 
pipes.  The  temperature  profile  was  programmed  as  shown  in  Figure  8.  Energy 
to  the  system  is  provided  by  two  triac  type  power  supplies  with  associated 
Eurotherm  controllers  and  ramp  generators.  These  units,  together  with  the  heat 
pipes,  give  2  long  flat  heat  zones  with  a  desired  sharp  temperature  slope  between 
the  zones. 


INCHES  INTO  FURNACE 


Figure  8.  Furnace  Profile  Using  Heat  Pipes 


During  the  initial  start-up  period,  it  is  important  always  to  maintain  the  indium 
at  a  higher  temperature  than  the  phosphorus.  The  indium  furnace  is  programmed 
up  at  100’C  per  hour.  When  a  temperature  of  700’C  is  readied,  the  phosphorus 
furnace  is  turned  on  sail  programmed  at  the  same  rage.  This  rate  of  increase  is 
continued  until  the  indium  temperature  reached  1003*C  and  the  phosphorus  main¬ 
tained  at  430*  to  405 *C.  The  furnaces  are  allowed  to  equilibrate  overnight  before 
furnace  travel  is  initiated. 

Experiments  were  designed  around  various  quarts  ampoule  sixes  and  shapes 
and  different  boat  materials.  Beets  vers  fabricated  of  quarts  and  pyrolytic  boron 
nitride.  In  some  experiments,  the  boats  were  inserted  into  boron  nitride  or  alumina 
tubes  to  isolate  them  from  the  quarts  ampoule.  Travel  rate  of  the  furnaces  for 
these  experiments  was  12  mm  per  day.  The  length  of  time  for  each  experiment  was 
15  days.  A  typical  polycrystalline  indium  phosphide  Ingot  resulting  from  these 
experiments  is  shown  With  bottom,  side.  Mad  top  view  in  Figure  9.  The  right  side 
is  the  first  to  frees#.  The  weight  «f  these  polycrystalline  ingots  ranged  froml50  g 
to  400  g.  An  etched  Mice  from  on*  of  these  ingots  showing  typical  single  crystal 
grains  used  for  the  van  der  Pauw  measurements  is  shown  in  Figure  10.  Data  show¬ 
ing  the  carrier  concentration  and  mobility  of  experiments  using  various  boat  mate¬ 
rials,  shielding  tubes,  and  phosphorus  temperatures  are  shown  in  Tables  5  and  6. 

The  highest  purity  material  produced  using  these  procedures  was  with  an  indium 


temperature  of  1003*C,  phosphorus  temperature  of  465 *C  using  a  quartz  boat  with- 


ot  46, 235  cor  per  V-Wie  a*  77*K 


ln«#u0i  pMmpWde  ha#  been  sy  ntb«et»d  using  various  profile*,  temperatures 
pressures^  provided 


the  exp«i|j|*^^  tOtitp^ 

and  a  phosphorus  temperature  of  405 *C.  The  use  of  other  boat  materials  and 


shielding  tidies  for  elimination  of  silicon  contamination  from  the  quartz  did  not  pro¬ 


vide  any  measurable  Increase  in  purity  as  indicated  from  the  van  der  Pauw 


measurements. 
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Figure  9.  typical  Poly  crystalline  Indium 
Phosphide  Ingot 


Figure  10,  Etched  Slices  of  Polycrystalline  Indium  Phosphide 
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